This contribution presents some principles and some examples of the mitigation of railway-induced ground vibrations. The principles are different for the mitigation measures at the track, in the soil or at the building. Force transfer functions of isolated and un-isolated track-soil systems, reflected and transmitted wave amplitudes at walls and trenches in the soil, and the transfer of the (free-field) vibration amplitudes to the foundation amplitudes of the building are analysed. The mitigation effect can be calculated by exact or simplified formulas. Some examples with 3D (finite-element boundary-element), 2D (beam-on-support), and 1D track models, 2D and 1D soil models, detailed 3D building models and finite or infinite 1D wall-floor models are investigated to find out if simple models can be used for a satisfactory prediction of the mitigation effect. The 1D track examples show that the force transfer of the track without vehicle can be exactly calculated, whereas the total force transfer can be calculated approximately if appropriate wheelset masses per track length are used for the isolated and the un-isolated track. The mitigation effect of a filled trench is calculated by a 2D finite element model and the results compare with simple transmission formula if the stiffness per area rather than the wave impedances are used for the infill material. The base isolation of a building is analysed by a detailed 3D model and the results are similar to the analytic results of a single wall with floors on the soil. Other reduction measures as different floor and column dimensions are usually less effective so that the clearly best mitigation solution at a building is a partly or a complete base isolation. © 2017 The Authors. Published by Elsevier Ltd. Peer-review under responsibility of the organizing committee of EURODYN 2017. 
Reduction of the emission of ground vibration
The aim of the mitigation at the source is the reduction of the forces which are acting on the soil as a result of the interaction of the railway vehicle with its track. The vehicle-track transfer function between the force FT on the track and the force FV on the vehicle can be given as
with the dynamic stiffness KV ) ( f of the vehicle and KT ) ( f of the track. There is a vehicle-track eigenfrequency, which usually is in the range of 50 to 100 Hz, and at frequencies higher than this eigenfrequency, the dynamic forces are reduced due to the un-sprung mass of the vehicle and the compliance of the track [1] . The force transfer function can also be applied in case of the excitation due to irregularities s if the excitation force is replaced by FV = -KV(f) s.
The mitigation measures at the track have all the same principle. The vehicle-track eigenfrequency is shifted to lower frequencies by introducing some elasticity or by increasing the vibrating masses. This increases the range of reduced forces and reduces the forces in the high frequency range. The mitigation by measures at the track can be calculated by the general formula
where the total force transfer FS/FV is calculated from the force transfer FS/FT of the track and the force transfer FT/FV of the vehicle-track interaction. These transfer functions could be calculated by a fully 3D track soil model (Fig. 1c) [2, 3] . A simple 1D model of a track support chain could yield good results for a ballast track if it is calculated appropriately (Fig. 1a) . The force transfer of the 1D support chain
can be used for the whole track (see the proof in [2, 4] ). The dynamic support stiffness kD of the 1D support chain has to be combined with the bending stiffness EI of the rail
to get the dynamic stiffness KT of the 2D track model (Fig. 1b) . It should be noted that the correct vehicle-track interaction of equations (2), (4) is necessary to have the correct frequency-dependent coupling of a portion of the wheelset mass to one support section or of a reference track length to the whole wheelset mass [5] . If a fixed static length of the un-isolated or the isolated track is used, too low eigenfrequencies and too optimistic mitigation effects are predicted by these over-simplifying methods (Fig. 2c) . The simplified method of independent support chains (without track-soil interaction) must be checked against 3D results [4, 6] .
The effectiveness (or insertion loss) of a mitigation measure is given as the ratio of the force transfer function without and with mitigation measure (Fig. 2c) ) (
Thus, the effectiveness is the ratio of two transfer functions (Fig. 2a,b ) with different eigenfrequencies which should be properly documented. The lower eigenfrequency of the isolated system results in the minimum of the effectiveness function. Depending on this eigenfrequency of the isolated system, the increase of the effectiveness starts at lower or higher frequencies and according to that the maximum reached at the eigenfrequency of the unisolated system is higher or lower. As both transfer function that are divided are decreasing at high frequencies, the effectiveness of the mitigation measure keeps constant at high frequencies. Soft mitigation measures with low eigenfrequencies reach a higher effectiveness. Besides inadequate 1D vehicle-track models, the wrong choice of a rigid or a too bad (high-amplitude) reference system can also yield too optimistic mitigation effects. 
Reduction at the transmission path through the soil
The propagating waves in the soil can be reduced by any type of barriers modifying the medium of propagation. Some basic ideas of this reduction are given in this section.
If waves are transfered from one medium to another medium, from a stiff soil to a soft soil or vice versa, the impedances of the media can be considered. The impedance is Z = vw with the mass density  and the wave speed vW of the medium. For a propagating wave, there is a relation  = Zv between the stress  and the particle velocity v. If a wave of amplitude v + passes through the boundary of two different media with impedances Z1 and Z2, the amplitude v of the transmitted wave is determined
by the ratio Z2/Z1 of the impedances. The amplitude is reduced if the second medium has a higher impedance. If the second medium has a lower impedance, the amplitudes are higher up to the factor of two. At the same time, the energy or the power of the wave P = v = Zv 2 is reduced. That means that both transfers, from soft to stiff and from stiff to soft, give a reduction of wave energy due to some reflection at the interface of the different media.
These considerations and formula hold for infinitely extended media. They can be applied for finite media if the dimensions of the media are greater than the wavelengths. If there is a layer of different material in the soil (a filled trench), the opposite is true. The thickness of the layer is small compared to the wavelength. The corresponding formula for the transmitted wave v compared to the incoming wave v + is 
The mitigation of the trench depends on the stiffness k'' = E*/d = vP 2 /d of the soft layer (not on the impedance vP). Starting from a cut-off frequency, the amplitudes decrease with frequency.
For a stiff layer, for example a concrete wall in the soil, Z2/Z1 dominates in (7) which results in 
The reduction is related to the mass m'' = d of the wall and increases also with frequency. The stiffness of the infill material of a trench has been optimized for a cinema project. The reduction has been calculated by a 2D thinlayer finite-element method [7] (Fig. 3) . (3D calculations usually do not yield better results than 2D calculations [8] .) The strongest influence of the infill stiffness has been found at about k'' = 10 7 N/m 3 . A higher stiffness or a lower compliance yield a worse mitigation effect. Softer materials can improve the mitigation effect only a little as they are already close to the behaviour of an open trench. More variations confirmed that the main parameter is the compressive stiffness and that the shear stiffness and the mass of the infill material have almost no influence on the mitigation effect. The optimum stiffness can be achieved by a thicker trench or a softer infill material. These results are confirmed by [9] . 
Reduction of the immission in buildings
The soil-structure transfer function of a building is the ratio between the (averaged) building vibrations vB to the free-field amplitudes v0 of the soil
with the soil stiffness KS and the building stiffness KB. A building on the soil has a first vertical structure-soil eigenfrequency which is at about 5 to 15 Hz for soft soils [10] . The building amplitudes are reduced compared to the soil amplitudes at frequencies higher than this eigenfrequency. That means that already the soil works as a base isolation. This reduction effect of the soil-structure interaction must be observed for correct mitigation results.
To get a base isolation, the whole building or at least the main part of the building is placed on elastic elements. The aim of this measure is to reduce the amplitudes of the soil vibration when they are transferred to the building. By introducing elastic elements under the building or in the cellar walls, the soil stiffness is replaced by the combined soil-support stiffness KS* which is reduced compared to the original soil stiffness KS. The soil-structure transfer function then reads
The structure soil eigenfrequency is reduced and the effectiveness of the base isolation is obtained by the ratio of the original to the modified displacement transfer function The dynamic stiffness KB of the building dominates compared to the soil stiffness KS and the modified soil stiffness KS* at frequencies higher than the structure-soil eigenfrequency. Therefore, the effectiveness of the base isolation is approximated as ) ( That means that the effectiveness of the base isolation depends on the ratio of the original soil stiffness to the modified soil-support stiffness whereas it is approximately independent of the dynamic building stiffness (Fig. 5) . The different almost constant isolation levels can be seen for the different isolation frequencies (Fig. 5a ) and for the different soils (Fig. 5b) whereas the different building models show only minor influences at some eigenfrequencies (Fig. 5c) . A detailed fully 3D building model (Fig. 6a ) [11] yields the same principal results (Fig. 6b) as the 1D wall-floor model (Fig. 6c ) [11] . 
Conclusions
The calculation of mitigation effects must be done with great care. Correct procedures have been presented and some typical mistakes have been shown, 1D models for vehicle-track interaction [5, 12] , impedance instead of stiffness for the infill material of a trench [8] , neglecting the soil-structure interaction of a building. Simple methods are preferred, but they must be checked against more detailed methods.
